An experimental study investigating the nitrogen removal efficiency from the recycle stream generated in the dewatering facility of the anaerobically digested sludge at the Deer Island wastewater treatment plant (WWTP) in Boston was conducted using a single submerged attached growth bioreactor (SAGB), designed for simultaneous nitrification and denitrification. The applied nitrogen loading to the reactor ranged from 0.7 to 2.27 kg-N/m 3 ·d, and the corresponding total nitrogen (TN) removal rate ranged from 0.38 to 1.8 kg-N/m 3 ·d. The observed nitrification rates varied from 0.42 kg-N/m 3 ·d to 1.45 kg-N/m 3 ·d with an ammonia load of 0.5 kg-N/m 3 ·d and 1.8 kg-N/m 3 ·d, respectively. An average nitrification efficiency of 91% was achieved throughout the experiment. Denitrification efficiency varied from 55%, obtained without any addition of carbon source, to 95% when methanol was added in order to obtain a methanol/nitrate ratio of about 3 kg methanol/kg NO 3 2 -N.
Introduction
Strict legislation on nitrogen removal may require the optimisation of existing wastewater treatment plants; however very often the available land for upgrade is limited, so alternative solutions must be considered. The nitrogen balance of the WWTP at Deer Island, Boston, MA shows that a significant fraction of the nitrogen is recirculated from the dewatering facility of the anaerobically digested sludge (the centrate), to the influent of the plant. This is equivalent to 20 -25% of the total nitrogen load to the treatment plant; therefore, removing this load will directly result in an equivalent decrease of the total nitrogen load in the effluent.
The separate treatment of centrate is a viable option in a biological nitrogen removal system, and has been increasingly gaining popularity. Full scale application in the Netherlands has already been successful (van Kempen et al., 2001) , while several pilot scale studies are still on-going, including one for the New York City Water Pollution Control Plant (Regan et al., 2005) . In the majority of the studies, the nitrogen removal is obtained by means of nitritation (conversion of ammonia into nitrite) followed by denitrification. Nitritation can be obtained using the Sharon process (Hellinga et al., 1998) , while the removal of nitrite can be either obtained through heterotrophic denitrification, with addition of methanol, or via anaerobic ammonia oxidation (Mulder et al., 1995) .
Different configurations have been proposed for treatment of centrate, and often two separate reactors (two suspended growth reactors or a combination of one suspended and one attached growth rectors) are required to achieve the growth of the different microorganisms involved in the processes. Yet, in this work total nitrogen removal from ammonia rich wastewater was achieved using a single submerged attached growth bioreactor (SAGB).
The main advantage of the SAGB technology is the small reactor volume due to the high concentration of biomass, which results in a reduced land requirement. In addition, the ability to control both the aeration and the alternating down-flow and up-flow modes provides operational flexibility.
In this study, stable conversion of ammonia to nitrite and complete inhibition of the nitrite oxidiser growth was achieved in the reactor by means of alternate aeration, without the need of temperature or sludge age control. In other systems proposed for centrate treatment, these operation parameters and their control are known to be crucial; the Sharon process is indeed based on the faster growth of ammonium oxidisers compared to the nitrite oxidisers at elevated temperature.
In this system, the operating temperature was in the order of 208C; however, the results of biomass population analysis (FISH in combination with PCR-based assessment of 16S rRNA genes, complete results presented elsewhere) showed the presence of only ammonia oxidising bacteria without any species within the nitrite-oxidiser group. This is also a confirmation that high free ammonia concentration (NH 3 ), and the low dissolved oxygen (DO) due to the intermittent aeration, irreversibly and stably inhibited the growth of nitriteoxidizing bacteria in the reactor and no acclimatisation with time of these bacteria, which occurred in other studies Mavinic, 1986, 1987) , was observed in this work.
Moreover, in an integrated nitrogen removal system, like the one presented in this research, it is beneficial that the removal is via nitrite, due to the approximate 25% reduction of air requirement and the 40% reduction in methanol consumption. Due to the denitrification within the reactor pH and alkalinity levels were maintained and the need for chemical addition was eliminated.
Materials and methods
The pilot plant used in this study consists of a 6.2 m 3 centrate storage tank, an 8.33 m 3 anoxic tank, a 1.667 m 3 SAGB and a 6.2 m 3 clear well. The SAGB is 0.762 m in diameter and has a media depth of 1.22 m. The sand media, with a 3.0 mm nominal diameter, resulted in a media porosity of approximately 40%. The media specific surface area was 820 m 21 allowing for a high concentration of biomass in a relatively small volume. A more detailed description of the system is presented elsewhere (Pedros et al., 2005) .
From the centrate storage tank, approximately 200 L of wastewater were daily pumped into the anoxic/equalisation tank, from here it flowed by gravity into the SAGB. The hydrostatic pressure, created by the differential liquid levels between the anoxic and clear well tanks, was the driving force of the forward flow. Operation alternated between down-flow (forward flow) and up-flow (reverse flow) modes. The up-flow was accomplished by pumping from the clear well back up through the SAGB.The system worked for approximately 6 months, during the first 2 months a mixture of centrate and raw wastewater was used as influent to the system; after this acclimatisation period the system was fed with only centrate, produced from the dewatering of the anaerobic digested sludge of the Deer Island WWTP. During the study, the centrate was characterised by an average total nitrogen (TN) concentration of 1,250 mg/L, with an ammonia nitrogen concentration of approximately 900 mg/L, Table 1 outlines the results of the conventional characterisation of the centrate.
The total nitrogen loading (TNL) applied to the SAGB, defined as the mass of nitrogen applied to the filter divided by the volume of filter media and time, ranged from 0.7 to 2.27 kg-N/m 3 ·d, and the total organic loading (TOL), defined similarly to the TNL, varied from 0.08-1.1 kg-bCOD/m 3 ·d.
Initially, sodium bicarbonate was supplied for alkalinity and no external carbon source was provided. In a second phase 20% methanol was added to provide a carbon source for denitrification. The minimal stoichiometric amount of methanol is 1.9 kg methanol/kg NO 2 3 -N or 1.14 kg methanol/kg NO 2 2 -N denitrified; however, in practice, for biofilm systems, a value of 3-3.5 kg/kg-N are usually used (Metcalf and Eddy, 2003) . In this study, the average value adopted was approximately 3 kg/kg-N, however value up to 5 kg/kg-N, were measured due to overdosing of methanol. During this second phase no additional alkalinity was supplied because of to the high concentration in the centrate and the subsequent recovery due to denitrification.
Throughout the study, samples of the influent, effluent and liquid withdrawn from four sampling ports installed within the media at discrete depths, were collected weekly. Parameters analysed included COD, BOD 5 , TKN, ammonia-nitrogen (NH 3 -N), nitratenitrogen (NO 2 3 -N), nitrite-nitrogen (NO 2 2 -N), TSS and VSS. In addition, samples of the sand media were periodically collected and analysed using gravimetric methods to determine the total fixed biomass as a summation of attached and loosely attached solids.
Results and discussion Figure 1 shows the observed total nitrogen removal rate versus the nitrogen loading applied, as well as total nitrogen removal efficiency; the nitrogen rate varied between 0.38 to 1.8 kg-N/m 3 ·d for loading applied of 0.7 and 2.27 kg-N/m 3 ·d, respectively. TN removal efficiencies of approximately 40% were measured during an initial stage, when no addition of external carbon source was provided. In the second phase addition of methanol as a carbon source for denitrification was started and the TN removal efficiencies reached and maintained an average value of 87% (Figure 2) .
In the last month of the experiment the methanol feed was reduced, in order to optimise the dosing, and as a consequence higher concentration of nitrite in the effluent was observed and therefore a lower total nitrogen removal efficiency.
The average TN concentration and the ammonia-nitrogen (NH 3 -N), versus time, are presented in Figure 3 . After the addition of methanol the average concentration of TN in the effluent was 196 mg/L and an ammonia-nitrogen concentration of 86 mg/L. The observed nitrification rates varied from 0.42 to 1.45 kg-N/m 3 ·d with ammonia loads of 0.5 and 1.8 kg-N/m 3 ·d, respectively (Figure 4 ). An average nitrification efficiency expressed as the percentage of ammonia oxidised, of 87% was achieved throughout the experiment. The lowest nitrification efficiency occurred with high ammonia loading, during the period with very high concentration of nitrite in the system; the inhibition on nitrifying bacteria due to free ammonia being the reason for these reduced efficiencies. However, values lower than 70% were never observed, indicating a good response by the system to load variation and the ability to effectively oxidise ammonia with intermittent aeration.
The denitrification rate varied from 0.27 to 1.45 kg-N/m 3 ·d with total nitrite load of 0.42 and 1.44 kg-N/m 3 ·d, respectively ( Figure 5) . The low denitrification efficiencies registered at the beginning of the study (50-60%) were due to a lack of organic carbon for the denitrification processes; with the addition of methanol an average denitrification efficiency of 95% was achieved during the rest of the testing. These removal rates are in agreement with those reported in the USEPA Nitrogen Control Manual (1993) which ranged from 0.29 to 1.6 kg-N/m 3 ·d in full scale denitrification filters. Figure 6 shows that the nitrogen removal in the SAGB was via nitrite. Within the filter the measured concentration of nitrate was never greater than 3 mg/L, while nitrite concentrations up to 350 mg/L were observed. Figure 6 indicates the methanol usage and corresponding nitrite concentrations within the filter and in the effluent. Treatment of high-strength ammonia wastewater frequently shows incomplete nitrification, due to the inhibition in the activity of the nitrite oxidiser, which has been linked to the presence of free ammonia (Antonissen et al., 1976) and dissolved oxygen (DO) limitation (Garrido et al., 1997) . The free ammonia concentration is a function of pH, ammonia concentration and temperature; the conditions of our experiments were so that the calculated concentration of free ammonia were higher than the thresholds established by different authors (0.1 -1 mgN/L, for Antonissen et al. (1976) , 5 mgN/L for Turk and Mavinic (1989) ) for nitrite oxidiser inhibition. Moreover, the intermittent aeration, used to enhance denitrification created a DO limiting condition. In an investigation conducted by Ç eçen (1996) related to the treatment of fertiliser wastewaters in a submerged biofilm reactor, the author found that the ratio of bulk dissolved oxygen to bulk ammonium, C DO /C NH4-N , has to be greater than 1 to achieve full nitrification. This means that for an effluent concentration of 10 mg/L of NH 4 -N the concentration of DO in the reactor must be maintained at 10 mg/L, thus at usual operation condition the nitrification process will always be subject to nitrite accumulation. Therefore, owing to the combined effect of free ammonia and low DO, a stable conversion of ammonia into nitrite within the biofilter was attained throughout the experiment.
The total organic loading (TOL) varied from 0.07-1.1 kg-bCOD/m 3 -d and was assumed to have no adverse effect on nitrification. The assumption is supported by data from Rogalla et al. (1990) who reported a nitrification efficiency of 98% at a TOL of 3.5 kg-bCOD/m 3 -day in a BAF designed for oxidation of organics and nitrification and by Pedros et al. (2005) who reported a nitrification efficiency of 99.7% at a TOL of 3.47 kg-bCOD/m 3 -d in a single SAGB.
The gravimetric tests, performed to evaluate the amount of biomass present in the reactor, indicate that the SAGB functioned mainly as a fixed film reactor. In fact, values between 10-16 g VS/L of media were measured for the attached portion while the percentage of loosely attached solids to the total biomass ranged from 1.8 to 4%, and the concentration of the suspended biomass within the interstitial volume of the media averaged at a value of 76.4 mg VSS/L. 
